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i. Investigations Being Undertaken and Planned

(a) Present Work

Tre cbjectives of the research work supported by this grant are
two-fold. (1) To conduct a review of information theory literature
Tervinent to the gpplication in the digitsl data system used for
serospace guidance. (2) To perform theoretical aznalysis necessary
to demonstrate how the range, capacity, reliability, and efficiency
of a digital data transmission system can be improved.

Turinz this periocd, emphasis is on item (2). TItem (1) will be
coversé in more detail during the next period when a graduate research
zzsistant joins this group. He wlll be assigned the initial phase of
zuxvey work and the liasson work with the Electronic Research Center.

Q2 -

cles:; and (iv) A technique for bandwidth compression in telemetry are
repciced below.

(i}-=A 2ovdy of Transmission Rate Versus Intersymbol Interference

e assume a digital transmission system as in Figure 1 in which a
signal s1(%, is transmitted over the channel every T seconds with a
plus or mir..s polarity. The channel distorts s1(t) into a xnown s(t)
and then adds white gaussian noise. We assume that the problen is
scaled such that s(%), the distorted signal before noise addition,
lasts for exactly one second and such that the noise power is one watt.
The informstion bit stream, represented by the polarity of s(t), is to
be detected by matched filter techniques in the data processor.

“its/sec.
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~Figure 1 Digital Transmission Systen



Jor @ > L there is no overlap between succ\:essive received signals
Lol iz _per-syzibol probability of exrror, Pe, devends only on the signal
: ~o u:u.s P there correspords an overall channel capacity Cy
: *‘mal-use * To meximize the capa.c:.uy in bits-per-second
C tzler the consuraint T 2 1 one should set T = 1, that is, transmit
ze =cpidly as rzossib le muhout causing :Lntersymbol interference.

[l

£ cne tries to transxit at a faster rate, that is T < 1, then he
s inSersymbol interference and the individual bits are no

!
longer es “7:f recognized. See Flgure 2. TFurther, Pe is increased and
The hanog .Ltj in bits-per~channel-use is decreased. The increased
T 277, however, more than compensate for this preliminary

drca o Lo ';:uuatlon of C, the capacity in bits-per-second.
investigete if there exists an optimum choice of T

————— WL e e vie)

o meximize & for a known s(t).

s(t) when T 2 1

sizure 2 Received Signal Before Noise Addition

asting the problem in a different light, suppose we are transmitiing
at a source rate greaber than one symbol per second, yielding a poor
per-syxbol Py because of intersymbol interference. We contemplaite slowing
the source rate to cut down the interference, hoping to improving our
overall systen performsnce. Clearly this is identical to-the problem
stated gbove if the criterion is to maximize the overall system capacity C.

Iet us limit the parameter T to the range %: < T <1 to represent,

at most, a doubling of the transmission rate. (This also limits intersymbol

*One uses the well-known formila: Cp = 1 + Pg log Pg + (1-Pg) log(1-Pg)



interference ©O adjacent symbols only.) If we further assume a watched
Tilter devesclion scheme which subtracts ouu "che channel ne HmeLOry (1zcCollts
scherme or, cg;.ivalently Lein and Hancock's "switched mode" detectore),
Then we ccn caleulate Pe.3 From this Pe we calculate the channel capacity
in bits yv;-—:;;:zr.a -use (for a binary symmetric channel) and, multiplying
by 4./‘, we kcave C in bits-per-second.

The resulds of these calculations for a general s{t) with auto-
correlation function SD(") are presented in Figure 3. In that Figure the
gbscissa p 1s the signal energy on 0 < t© < T:

p = [s2(t) at;
0

the parameter r represents the correlation of s(t) on 0 < £ < T with the

remainder of s{t):
ﬁ(t) s(t+T) at

r o0 _ g(z)
T P

fsz(t) at

0

exnd the oriingte TC is the capacity in bits-per-channel-use. For a gilven
2{%) Iastizz from O o 1 second, one computes p and r as functions of T
".i Szen Gees FTigure 3 to evaluate C for selected values of T. A few

sey ;) such evaeluations outlines a plot of C vse T from which one can
extract the optimm T(for 1/2 < T < 1).
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Fimure 3 Bits-per-channel-use vs. Usable Signal Energy



45 a very simple example of the procedure, we assume the s(t) of
o2 . }’;'a-'

ER
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Figare % TReceived Signal s(t) and Parameters p and r
In Figure 4o ve plot p(T) and in Figure ke we have r(T) = l;}—T . With
The &1d of Figure 1 we are now able to plot C vs. T as shown in Figure 5.

- -

e sce that the optimum T is approximately T = .70, and that this choice
ol T represents a l9‘/‘a bit-per-second increase of the capacity over T = 1
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The Toregoing illustrates that in some cases it is profitable to
lrerease the transmission rate to the point where some intersyrmbol
iInverference is created if ome has the receiver to cope with this
interference. A simple method of evaluating that rate whick optinmizes
channel capacity is presented.

1. C. W. Eeigirom, Statistical Theory of Signal Detection, Pergamon Press,
Yew York, 1960. -

7

2. J. M. fcin and J. C. Hancock, "Reducing the Effects of Intersymbol
Zaterference with Correlation Receivers", IEE Transactions on

Information Theory, (July 1963).

3. R. A. Gonsalves, unpublished notes under Comtract AF19(628)-3312,
Yortheastern University, June 1565.

(i1)--Design of Orthogonal Codes

In digital cormmunication systems, if a sequence of n digits is used
O revresent a particuler code word, then one can construct (n-1) additional
ccle words, all of which are orthogonal in the n-dimensional space. The
ortnozonaliity is expressed by the fact that the inner product of each code

vector by itself is a constant and the immexr product between two different
¢cle vectors is zero. I the detection of each code vector is by computing
suc: Inner products autcratically by means of digital matched filters,

crem tze chance of making a wrong identification is minimized by the use
oI &n orthogonal set of vectors for code words.

Trhe tecanique of constructing binary orthogonal code words is

gLl mown. The nmatrix describing an orthogonal binary vector set is

ce—iel the Zadamard matrix, an example of which is as follows:

T 111 111 1

1-1 1- 1-1 1-1

1 1-1-1 1 1-1-1

1-1-1 1 1-1-1 1
E=11 1 1 1-1-1-1-1

1-1 1-L-1 1-1 1

1 1-1-1-1-1 11

1-1-1 1-1 1 1-1].




}:ET= . =M, Wh-ere l=no

=t is desirable that similar orthogonal matrices be constructed for
Tie case wahere ore than two elements +1 and -1 are used. This will lead
TC orvacgonal vectors consisting of digits which are elements of more than
Two levels. Thvree methods are explored during this period: (1) construe-
vicn by mesns of pseudo-random sequence; (2) construction by inspection;
and (3) coastruction by recursion.

(1) Comstruction by Means of Pseudo-Random Sequence

A

L D
1S

f.

eudo-randln sequence can be generated by a shift register circuit
CLCWSe L) Modulo 5

5
=

{n

f

O,
!

rsout 1 = 0 r=

A tyzical secguence of 2L digits is
L02-122-201211-L0=-=21-2-220-1 -2 -1 -1.

This seqguence hes some random properties. TFirst, except for the element
O (% in nurber), the other elements *1, *2 each has an equal number of

occurrences, namely 5. Secondly, the correlations between this sequence
and its cyclic shifts are all zero except the sequence with 12 shifts.
Cne m2y list the original sequence as the first row together with its
+1 zuccessive shifts as the succeeding rows. Then retain only the
First 12 columns of the array. The result is a 12 X 12 matrix, as follows:
i 02-1 2 2-2 012 11
-1 1L 0 2-1 2 2-2 0 1 2 1
-1-1 1 0 2-1 2 22 0 1 2
-2-1-1 1 0 2<-1 2 2-2 0 1
-1-2-1-1 1 0 2-1 2 2-2 0
0-1-2-1-1 1 0 21 2 2 -2
A= 12 0-1=2-1-1 1 0 2-1 2 2
-2 2 0-1-2-1-L 1L 0 2-1 2
2 -2 2 0-1-2<1-1 1L 0 2 -1
12-2 2 0-1-2-1-1 1 0 2
-2 l1-2-2 2 0<1L-2-1-1 1 0
-2 1-2-2 2 0-1-2<1-1 1| «




RPN,

Lils da an crthogonal matrix, using elements O, £1, and #2. The orthog-
crelity can be verified by finding the product,

AAT = AT
TLoue A= 5[12 +22] = 25.

This type of construction has been found applicable to other prinmes
suek as 3, T and 11 nunber of elements. For primes higher than 11, the
metoed requires certain elements in the fileld of irrational numbers.

(2) Constr zsion by Inspection

Tre following orthogonal matrices are obtained by inspection

a b ¢ a4 -ab-cdefgﬂ_
-» a-d ¢ b a d ¢~-f e~-h g
i—cda-b and c~d a b-g h e -f
4 -c b aj -d-ci-b a-h-g £ e
-e £ g h a-b c-d
~-f~e=h g b a-d-c
-2 h=-e-f=-c 4 a-b
-h =g f-e d ¢ b a;
Iy suostituting 2 suitable number for each letter, orthogonal matrices
ol virious number of elements are obtained.
{3) Zscursive llethod
I Azxnd B are n X n orthogonal matrxices, then
(a) - 1 11
-1 l_i Z@A  is a 2n X 2n orthogonal matrix with the same

- elements as A;

(o)

- a] &a is a 2n X 2n orthogonal matrix with different
- elements as Aj

m A B

A

| oo AT:\ is a 2n X 2n orthogonal matrix with the same
- elements as A and B provided AB = BA.



(1ii)--Tmplerentation of an Erxror-locating Code

The Iumetion of an error-locating code 1s to locate any subblocks
Sz exe in error. It combines twd kmown codes Cp and Co according to
ceroaein rules s“ch that one coda, Cp, éetects the errors in subblocks
cnd The other code, Cl, pinpoints these erronecus subblocks. If Cy
end Co axe cyclic, The implementatlon of the code can be done by employing
Snify register:, moaulo two edders,and gates.

Consider a cyclic (7,%) Hamning code. The parity check matrix of
<2 ¢ode can be written as

H =

coprl
QO+ O
oo
o
O
=
= O

This code can either (1) correct a single random error, or (2) detect
cn errors in a block size of seven units. TFor simplicity of

abtion, we will use this code for both Cq and Co. As Cp, it will

oWwO ronim errors in a subblock of 7 Lglts. As C31, it will

en erronequs subblock among 7 subblocks. Thus, for a total

£ 7 >< '_ " = 49 binary digits, divided into 7 subblocks, the

;J. leecate any single subblock that has two or less digits

= 49 digits contain 40 information digits and 9 .check
ecklng equations are contained in the following check matrix
or product of two component check matrices.

1 00 10 1 1
E=E®HL=[010 111 0@
001 01 1 1

%20 O Hr O H> By
=|0 B0 H2HpHy O

0 0 B0 B 5

iz substituted into the expression, it becomes a 9 X L9 matrix.
~ ; cnd decoding can be performed by computing the inner products
tze m,usa;e secuence of L9 digits with the 9 rows of the check matrix.
These computaticas yield the values of the 9 check digits in encoding or
tte values of the 9 syndrone digits in decoding. In case of cyelic codes,
such ccrzputetions can be implermented in the form of shift registers. The
circuits for encoder and decoder are almost identical.




Tigure 1 shows such a circuit. Depending on the functions and timings
tes, this clrcuit can be used either as an encoder or decoder.
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Figure I A.Circuit for the Encoder and Decoder of Code

[Looi1011
H=H @B, H=H5=[0101110
= " 010111



Wz used s an encoder the gates are synchronized according to Table 1.

G Go G3 Gy Gy G5 Gs cg Cg

07 - 727 1 0 1 o 1 o 1 0 1
COTET - 1T 1 1 1 0 1 o 1 o 1
LI - 2177 1 1 0 o 1 0 1 0 1
21T - 281 o 1 1 o 1 0 1 o 1
280% - 3227 1 0 0 0 1 c 1 0 1
| 327" - 357 0 0 0 1 0 0 1 0o 1
3577 - 3977 0 1 0 0 1 0 1 0 1
‘ 3977 - k27T 0 0 0 0 1 1 0 0 1
P L S o 1 o 1 o 1 o 1
1 LETT - Lop” 0 0 0 0 1 0 1 1 0

 Table 1 Encoder Timing for Gates of Figure 1
(1 denotes gate closed and O gate open)

The inputs cre fed in during 0 - 3217, 35TF - 3977, and LoTt - LET™, where

T is the tizs interval for one digit. "+" signifies the beginning of a
Tirae interval cad Y-" the end of that intervel. ©No inputs are fed in
{iinmg 38T - 3577, 3957 - 4277, and 46TF - LODT. The total input digits

~or each block are, tnere;ore, LO digits. The output sequence contains
TWC veres: Iiofermation diglts and checking digits. The information
ii;its are llcuntical to the input digitse. ”he positions for the checking
lizits are z3xd, 3uth, 35%h, hoth, hist) 1pRd ) p7th 1gth) ang Lgth
Dosicions. tiere are altogether h9 digits for each encoded block.

Now, ccnsider Figure 1 as a decoder. The input is fed at the same
niectz, bub the outpubs are taken from the 9 stages of the shift register.

Zzzre is no :;euJ:o” gates qu G5, and Gg, hence they are left open. On

Tze other hand, G G5, and Gg are always closed. The timing for gates
G, Gp and G— are listed in Table 2.

-10-



1 0 1
1 1 1

rt - o 1 1 0
217" - 281" 0 1 1
28T+ - 3577 1 o) 0
35T - L7 0 1 0
LoTT - LopT 0 0 1

Teble 2 Decoder Timing for Gates of Figure 1

igits in each received block which are fed successively
he decoder. At the end of each block, we investigate
ol ach stage of the shift register. If all of thenm are
surzz no error in the block just received. Otherwise, there
rronecas digits in it. The procedure of locating the subblock
as Zoilows:

g f\'n el
3w
w v o
(@]
3w oWy
- 3
-t
%
[¢)
B f

(1) Divide the block of 49 into 7 subblocks of
';7 u....oJ. vs eaacho

\2, Croup the 9 shift register stages into 3 groups.

Label the Tirst three from right S;, the second
varee Irom right Sp, and the last three S3.

(3) 2ssign a value O to 8y, for i = 1, 2, or 3, if
3 suilt register stages in that group all have
zero remainders. Otherwise, assign a value 1
TO Sse

1

(4) The following matrix conbains all possible
combination of S which is the same as the
parity check matrix of code C3, i.e., Hj.

Remeinder Representation

s, 0 1L 0 0 1 0 1 1

S, 0 0 1 0 1 1 1 0

s3 0 0 0 1 0 1 1 1
S.bbloek # 7 6 5 4 3 2 1 .



-

Tor inshence, if (Sl Sy S3 ) = (110) the 452 subblock contains one or
o corrupted dig ms, but the exact positions of The errors are not known.
I s evident thet (81 Sp 83) = (000) denotes no error whatsoever.

have demonstrated the idea and implementation of error-

If <the parity check matrix elements are allowed +to be

in the extension flelds of binary field and then transleted
nery field, more variaties and more efficient codes may

‘e ¢f combining two kmown codes may also be applied to the
of o mcwn generator matrices. The advantage of such a product

5 the Harming disbance of the new code is equal to the product of
the two original ccdes. With increased distance the code is

of correcting or detecting more erxrors.

{(iv)=-A Technicue of Bandwidth Compression in Telemetry™

.21 gttempt is bEl_.g nzde to define the problems associated with an
wooLovie study of the following type of telemestry bandwidih compression

~

+An o ‘;nozm rendom process x(t) is veriodically sampled ab
+rAt, n = 0,1,eee «» At n = 0, the value of the process,
notzl and placed in a buffer for fubure transmission, as is the
; toe o eperfure, defined by the boundaries x(to) + A and x(tg)
-A i3 gymmetoizelly placed ebout x(to). As long as x(tn) falls within
Tae cgerture, o action isg taken. At the first n, say i, such that
x(%s ) falls cutiile the aperture, the values of x(ti) and i are placed
inoz L Zfer Tor future trensmission and the aperture is moved to x(ti)*A
vzz sizpling process is then continued.

o is eviient thabt this technique will generate a set of sample
vipreseatation soints {x(%5)} and times {t3} such that the sampled process
reprodiicsl to within a uOJ,era.nce of TA at any sample point.

ze buffering of the {x(t4)} and {t3} will allow the sample

56! ’:oin':s <o be transmi"cted at a uniform rate. Thus this
Taoliisue eanl Sz wsed as e bandwldth compression technique in telemstry.
T <0 Tite

se of x(t) being a first order Markov process is being
roic techniques which have been used are as follows.

(1) Tor the iimiting case of At — 0, n — o such that
+ nAt — 1, given thet x(t) is stationary and

c :mlrucus , one can study the bandwidth compression
technique as a boundary value problem associaled
with the solution of the two Kolmogorov equations.
We heve found the solution for the mean time befween
trensmitted samples for the specific case of x(t)
teing a Gauss-Markov process.

wrnier g.n'xSF fellcowship for Pa.D. candidates.

his work is being performed by Leonard Ehrman at Northeastern University
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Tor the czse in waich x(t) can assume only a discrete
set of veluves, {¥;}, the x(t,) process forms a first-
order Maeriov choin.d The mean transmission rate can
be devermined through a study of the trensition matrix
oF the crain. For the case in which x(t) is continuous
in axplitude, one can form 2 chain waich approxinaies
tThe contiauocus process by cuentizing the aperture space
and defining the elements of the transition matrix
through integrals of the conditional Pprobability
density function of the continous process.

g%l

(4}

-1 the future, the following problems will be studied:

(1) 'mat can be said of the technique when the input
is & higher-order Markov process.

(2) EHow can zero-crossing esnalysis techniques be extended
©0 or applied to the solution of this problem for more
general input processes.

(3) How does one analyze an interpolative, as opposed to
& predictive, compression btechnique.

"Sempled Data Prediction for Telemetry Bandwidth Compression”,
ctions on Space Electronics and Telemetry, vol. SET-11,
exen 1965), De 29

Introduction to Statistical Commmmnication Theory,
Kew York, Sec. 10, 19560.

Parzen, gicchastic Processes, Holden-Day, Inc., San Francisco, 1962,
188.

-13-
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2. Pzpers Submltted

shracts Of Ywo papers have been submitted for pcssible presen-
trhe International Symposium on Informabion Theory waich will
ervary 31 through February 2 at the UCLA. They are:

(1) “rIuzl Product Codes", by Sze-Hou Chang and Lih-Jyh Weng.

e WA

(1) "“ote on Crthogonal Matrices Using Integers as Elements”,
by Sze-Hou Chang.

3. Confererces ard Meetings

svitexber 10, 1965,Stephen J. O'Neil and Jean R. Roy, both of ERC,

Sey
oited Tortreastern University. They discussed with the Cormmnica~
S

- Pl

Jeseerch group on the type and scope of work under the grant as well

-~

o
e
£s oae report schedules.

v Cotooer 1k, 1965, Re A. Consalves of Northeastern University,
risited z n Carbridge to meet with Jean Roy and Jason
Adleren UM ter Koe of Engineered Electronics Cczpany
(EZCC) so imastect « 200 Digital Breadboard. On October 21, 1985,

R

a
e ower oF Dizital Equipment Corporation.

13, 1965, a project meeting was held at Northeastern
ree atitended by Charles F. Hobbs of AFCRL, Stephen J. O'Neil

£ ERC, MASA, Communlcavions Research group of Northeastern
versity ol grafuate students. Martin Scheizen and Sze-Hou Chang,

Ca Noverser & «nd 5, Sze-Hou Chang of Fortheastern University
Sisernad TonT coovention at Boston Sheraton.
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